Abstract-Home based or tele technological systems and smart devices have provided alternative delivery forms to promote hand rehabilitation. As a step towards the targeted system, a finite element method (FEM) simulation based on MGC3130 three-layer electrode design in Comsol®, and a nonlinear regression analysis using Matlab® were carried out. Concerning different combinations of fingers' movement and the symmetrical structure of the simulation model, nine cases in total are simulated. In each case, there are ten testing points, ranging from 0mm to 30mm, to explore the inherent relationship between the distance changed from finger motion and the voltage signals detected in the receive electrodes. The results in both the original electrode design and the modified electrodes design agree with the quasi-static electrical near field theory and the symmetrical structure of the three-layer electrodes. Based on the simulation result, the functional relationship of the data was also investigated. The nonlinear equation, describing the performance of the electrode layers, fits well in both electrode designs, which implies a clear inverse relation between the changed distance and the detected voltage signals. The equation also reflects the sensitive and finite features of the design, which helps to guide and optimize the practical design of the electrodes in the future investigations.
I. INTRODUCTION
The emergence of some technological systems and smart devices that realize home based or tele-hand rehabilitation has exposed alternative delivery forms to promote patients' hand recovery from some common physiological conditions [1] [2] [3] [4] [5] . It includes tremor, Parkinson's disease, dystonia and initial flaccidity (reduced muscle tone) caused by stroke, which may lead to spasticity (increased muscle tone), excessive reflexes, and obligatory synergies [6] . Investigations into home based or tele hand rehabilitation techniques are especially important, given the noticeable economic burden on patients and the whole society, as well as the great reliance on healthcare facilities and professionals. The major barrier to this adoption, however, is that patients cannot always undertake the rehabilitation sessions properly. For instance, without continuous supervision from a therapist, they might get bored and give up easily, become lazy and start to not correctly follow the procedures, or even misinterpret the therapy and result the potential for injury. Therefore, new technological approaches that realize home based rehabilitation in a low-cost smart equipment should be investigated [5] .
Sensing technologies that could be used for the finger motion detection mainly include inertial sensor based technology, Electromyography (EMG) [7, 8] , vision based systems [9] , magnetic sensor based technology, depth based technology [10] [11] [12] [13] , glove based systems [10, [13] [14] [15] , robotaided technology [14] as well as capacitive sensing technology [5, 15, 16] . Capacitive sensors provide the possibility of noncontact detection, which means it is capable of calculating the proximity of an object without a sensing element attached to the object. Further to this, unlike vision-based systems or EMG based technology, it works without a large overhead in signal processing. Moreover, the sensitivity of the sensing decreases quickly when the distance between the sensor and human body increases [16] , making it particularly sensitive to the small and easy movements, like the movement of fingers.
After comparing the strengths and weakness of products readily available in the market for hand motion tracking, the MGC3130 motion sensor was chosen as a low cost and reliable off-the-shelf option, given the economic reasons and time restrictions [5, 17] . It uses the principle of electrical near field sensing for advanced proximity detection to provide gesture and positional data of a human hand in real time. It is a robust and advanced solution for gesture controlled systems in embedded applications [18] .
Application of the MGC3130 module includes electrode design and simulation, module integration, and module parameterization. In this paper, a finite element method (FEM) simulation based on a customizable three-layer electrode design in Comsol® Multiphysics, and a nonlinear regression analysis using Matlab® were carried out to guide the practical design of the electrodes [20] .
II. SIMULATION MODEL

A. Three Layer Electrode Stack-Up Design
The Comsol® simulation model of electrode stack-up (three-layer) design consists of receive electrodes (Rx), a transmit electrode (Tx), a ground electrode (GND) and isolation layers [5, 20] , as presented in Fig.1 (a) . This twodimensional simulation model is customizable by size parameter setting of each component for broader application. An exemplar receptacle model is also shown in Fig. 1 . The four fingers of the human hand are modelled as conductive cylinders placed on the top layer. The hand is pronated with the fingers extended and the thumb adducted so that the hand adopts a flat posture. Each finger can be extended from the flat posture but not into hyperextension. Between Top layer and isolation layer1, four Rx electrodes are placed underneath four fingers (I: index, M: middle, R: ring; L: little) accordingly to track their motion. The Tx electrode and the GND electrode are placed between isolation layer1 and isolation layer2, isolation layer2 and bottom layer respectively.
In the Comsol® simulation package, all the electrodes are set to use the default material 'copper', while the 'Acrylic plastic' is chosen as the material of the isolation layers with necessary parameter settings (relative permittivity and density).
To simplify the simulation model of a human finger without losing its important electrical physical characteristics, 'water' was chosen to represent the soft and hard tissues of a finger. 3.3 V A.C is applied to Tx electrode whereas both the GND electrode and the fingers are set to the ground potential.
B. Fingers Movements
Concerning different combinations of fingers' movement and the symmetrical structure of the simulation model, nine cases in total are simulated to explore all possible combinations of finger movement. As presented in Table 1 , there are two cases (case1 and case 2 only, as case 1-2 and case 2-2 are regarded as the symmetrical cases which will end up with similar outcomes) if one finger moves; four cases (case3, case4, case5 and case6) if two fingers move together; two cases (case7 and case8) if three fingers move together and one case (case9) if all four fingers move together.
III. ELECTRIC FIELD DISTRIBUTION VARYING WITH FINGER MOTION
The MGC3130 motion sensor is based on the quasi-static electrical near field theory for advanced proximity sensing. When conductive objects, such as a person's hand or fingers, intrude the electrical field, the field lines are drawn to the hand or shunted to the ground and the three dimensional electric field decreases locally. This minuscule change then causes a compression of the equipotential lines and shifts the Rx signal levels to a lower potential that is measured [18] .
As shown in Fig. 2 and Fig. 3 , case2-2 (ring finger moves: 0010) is chosen as the exemplar finger motion for simulation in this paper to show the influence of an earth-grounded body to the electric field distribution. Underneath each finger, four Rx electrodes are used to detect the E-field variations at different positions to measure the origin of the electric field distortion from the varying signals received. A variable 'd', which is the distance between the under surface of a finger and the top of the cover layer, was used to represent the approaching and departure of the third finger(R). In other words, it is a height parameter to record the changes in the vertical coordinate, as shown in Fig. 2 as the red vertical lines below the ring finger. Ten values of the height parameter were selected to repeat in each case. The distances range from 0mm, 2mm, 4mm, 6mm, 8mm, 10mm, 15mm, 20mm, 25mm to 30mm.
As the 'ring finger' moves away from the model surface, the voltages of the Rx electrodes (Vx: V1, V2, V3, V4) increase accordingly as the input signal to reflect this motion. The voltages of electrodes (Vx), corresponding to the varied distance, were calculated in Comsol® using point evaluation, as presented in Fig. 3(a) . Similarly, the plots of case 2 (Middle finger moves: 0100) were produced, as shown in Fig. 3 (b) . The plots in Fig. 3(a) with Fig. 3(b) agree with the quasistatic electrical near field theory of capacitive sensor MGC3130. Moreover, it also shows similarity that implies a symmetrical pattern of voltages of the whole electrode stack-up structure. However, the magnitude of the voltages for each specific electrode are different. The relationship of electrodes behaviour are summarized as in table 2, which is in accordance with the symmetrical structure proposed at the start of the paper when discuss the finger motion. Further to the voltage data from the Comsol® evaluation, a nonlinear regression was carried out in Matlab® for all the nine cases presented above to explore the inherent relationship between the distance of finger motion (d) and the voltage signals detected in the Rx electrodes (Vx). After attempting to fit the data with exponential, polynomial and rational functions using Excel® and Matlab® curve fitting tools, the data were found to fit an inverse function relation, as shown in equation (1): Table 3 gives the exemplar parameters of the curve fitting results in case 2-2(0010) and case 2(0100). Here, with the listed parameters b1, b2 and b3 and the equation (1), predicted voltage values of each Vx in case 2-2 and case 2 could be calculated. Using case 2-2(0010), V3 as an example, Fig. 4(a) shows the real curve determined by the origin 10 points (blue '+') from Comsol® simulation, and the fitted curve drawn by the regression model (black '*') from Matlab®. In Fig.4 (b) , the predicted values and real values were calculated and compared. Apart from the origin 10 points (0mm, 2mm, 4mm, 6mm, 8mm, 10mm, 15mm, 20mm, 25mm, 30mm, black '*') used to conduct the regression, an extra 10 testing points (1mm, 3mm,  5mm, 7mm, 9mm, 12mm, 18mm, 24mm, 28mm, 40mm , red '*') were also simulated to test the regression model. Simply from the R squared values in Table 3 and the Fig.  4(b) , the distance from finger motion and the voltage signals detected in Rx electrodes fits well with (1), which indicates an inverse relationship featured with three parameters, b1, b2 and b3 [21] . Moreover, there are also symmetrical features of these parameters reflected in table 3: parameters of V1, V2, V3 and V4 in case 2-2 are very close to those of V4, V3, V2 and V1 in case 2 respectively. It agrees with the pairs of equivalent electrodes proposed in table 2, which supports the symmetrical structure as well.
V. MODIFIED ELECTRODE LAYER STACK-UP DESIGN
This paper also explored a different electrode layer stack-up design in Comsol® and in Matlab for the further optimized the three-layer electrode design. The main ground electrode is denoted as GND electrode, while the smaller ones in per pair of Rx electrodes are denoted as 'gnd'.
A comparison was made in the two-dimensional Comsol® simulation model, between the original design and the modified design with three extra gnd electrodes placed at the midpoints neighboring the Rx electrodes pairs, as shown in Fig.  5(a) . In the Comsol® simulation model, 3.3 V A.C is applied to Tx electrode whereas both the GND electrode and the added gnd electrodes are connected to the ground potential. The relationship between voltages of Vx electrodes and the distance in case 2-2 and case 2 were calculated, as presented in Fig. 6 . Comparing Fig. 6(a) and Fig. 6(b) , the similarity implies a symmetrical relationship of electrodes, which is in accordance with the symmetrical structure discussed in the original electrode stack-up design and also can be summarized as the table 2. In addition, the plots of case 2-2 and case 2 in Fig. 6 show similar trend comparing to the plots in the Fig. 3 . Based on the essentiall from the Comsol® point evaluation, a nonlinear regression was also carried out for the best matching equation. The result to describe the relationship between the distance (d) and the voltage signals detected in the Rx electrodes(Vx) is in compliance with (1) in this process. Table 4 gives the curve fitting result of modified electrode layer stack-up design in case 2-2(0010) and case 2(0100). Fig. 3, Fig. 4 and Fig. 6 , the physical meaning of the three parameters in the equation can be explained: 'b1' is the voltages when a finger is at a large distance where the effect of this finger can be neglected.
'b2' can be regarded as a sensitive factor. It reflects the magnitude of an intruding finger to the signal read from the certain Rx electrode of an electrode layer stack-up design.
'b3' is the offset value associated with the original distance of the finger to the electrode. Considering the top layer in between fingers and Rx electrodes will always have a finite thickness, it is reasonable to have this offset in the curve fitting equation.
With the nonlinear fitted equation to describe the inherent relationship between distance of finger motion (d) and the voltage signals detected in the Rx electrodes (Vx), the performance of an electrode layer stack-up design can be described mathematically. Then, the relation identified from the simulation will be compared to experimental data to guide and optimize the final practical design. Finally, the three-layer electrode will be connected to the microcontroller for hardware and software integration as well as parameterization.
VII. CONCLUSION
This article carried out a finite element method (FEM) simulation based on the MGC3130 electrode stack-up design using Comsol® Multiphysics. Based on the simulated data, a nonlinear regression in Matlab® was investigated. The results agree with the quasi-static electrical near field theory and the symmetrical structure of the three-layer electrode. Moreover, the nonlinear fitted equation fits well in both the original electrode layer stack-up design and the modified electrodes design. It implies a clear inverse relation between the distance changed from finger motion and the voltage signals detected in Rx electrodes. Additionally, it also reflects sensitive and finite features of the electrode design, which will help to guide and optimize the future design. 
